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NA60 collaboration has extracted the inverse slope parameters, Teff of the dimuon spectra origi-
nating from the In+In collisions at
√
sNN = 17.3 GeV for various invariant mass region. They have
observed that the inverse slope parameter as a function of invariant mass of the lepton pair drops
beyond the ρ-peak. In the present work, first we reproduce the observed invariant mass and trans-
verse momentum spectra of the muon pairs. Then show that the slope parameters extracted from
the transverse momentum distributions for various invariant mass region windows can be explained
by assuming formation of a partonic phase initially which reverts to hadronic phase through a weak
first order phase transition at a temperature Tc ∼ 175 MeV. It is observed that a scenario without
the formation of a partonic phase does not reproduce the non-monotonic behaviour of the inverse
slope parameter non typical of radial flow.
PACS numbers: 25.75.-q,25.75.Dw,24.85.+p
I. INTRODUCTION
Low mass lepton pairs are considered as useful
tools to probe the thermodynamic state of the mat-
ter presumably formed in nuclear collisions at rela-
tivistic energies [1–3] (see [4–6] for review). Unlike
hadrons which bring the information of the state of
the matter when the system is too dilute to support
any collective behaviour - the lepton pairs probe the
entire stage of the evolution history - from the ini-
tial formation time to the final freeze-out time of the
fireball. In this context critical analysis of the high
quality muon data - available for both the kinemat-
ical variables - the transverse momentum (pT ) and
the invariant mass (M) of the pairs from NA60 col-
laboration [7] assumes prominence and ignited in-
tense theoretical activities [8–11]. Few important
observations may be made from the analysis of the
experimental data: the enhancement of lepton pair
productions at the low M (M < mρ) region indi-
cates substantial modification of ρ spectral function
in the medium; noticeable amount of thermal ra-
diation from partonic phase for M beyond φ peak
and finally a non-monotonic behaviour of the inverse
slope parameter, Teff , extracted from the transverse
mass spectra of the pairs - as a function of invariant
mass displaying development of collectivity in the
system. Such a trend may originate due to the radi-
ation of lepton pairs from a partonic phase formed
initially in the collisions with small average radial
velocity. These considerations call for a simultane-
ous analysis of the experimental data as functions of
both M and pT .
The probability that a muon pair of invari-
ant mass, M and transverse momentum, pT
will emit from a thermal system at tempera-
ture T is determined by the Boltzmann factor ∼
exp(−
√
M2 + p2T /T ) at mid-rapidity. For a dynam-
ically evolving system like the one produced after
nuclear collisions at ultra-relativistic energies - the
temperature decreases with time because a part of
the thermal energy is spent to allow the collective
motion of the system. Consequently the Boltzmann
factor is modified to ∼ exp(−
√
M2 + p2T /Teff),
where Teff ∼ Tth + Mv2r - here the first term rep-
resent thermal part and the second term stands for
the flow part with collective radial velocity, vr. It
is expected that the large M thermal pairs will be
emitted from early time when temperature is large
and (radial) flow velocity is small and the small M
pairs will originate from the late stage of the evolu-
tion when the temperature is low but transverse flow
velocity is large. Therefore, a simultaneous study of
the dilepton spectrum as functions of pT and M will
enable us to use the variation of the Teff with M as
a chronometer of the heavy ion collisions.
Accordingly in the present work, we focus on the
transverse momentum and the invariant mass distri-
butions of the lepton pairs from in In + In collisions
at 158A GeV beam energy at CERN-SPS. We as-
sume the following two scenarios for the collisions:
(i)In+In → quark gluon plasma (QGP) → mixed
phase of quarks and hadrons → hadronic phase and
(ii) In+In→ hadronic phase and check by comparing
the results with pT distribution of dileptons which
is the possible scenario realized in the collisions.
The paper is organized as follows. In the next sec-
tion we present the dilepton productions from QGP
and hadronic matter. Section III is dedicated to the
initial conditions and the space time evolution. Sec-
tion IV contains the results and section V is devoted
to summary and discussions.
2II. DILEPTON PRODUCTIONS FROM
HADRONIC MATTER AND QUARK GLUON
PLASMA
The rate of thermal dilepton production per unit
space-time volume per unit four momentum volume
is given by[1–3]
dR
d4p
= − α
2
6π3q2
L(M2)fBE(q0)W
µ
µ (q0, ~q) (1)
where α is the electromagnetic coupling, Wµµ is the
correlator of electromagnetic currents and fBE(E, T )
is the thermal phase space factor for Bosons. The
factor
L(M2) =
(
1 + 2
m2
M2
)√
1− 4m
2
M2
(2)
arises from the final state leptonic current involv-
ing Dirac spinors of mass m (in this case muon) and
p2(= pµp
µ) =M2 is the invariant mass square of the
lepton pair. In hadronic matter, this can be simpli-
fied using vector meson dominance to give (see [12]
for details),
dR
dM2qTdqT dy
=
α2
π2M2
L(M2)fBE(q0)
∑
V=ρ,ω,φ
AV (q0, ~q)
(3)
where the spectral function of the vector mesons con-
sists of a pole and continuum,
AV = A
pole
V +A
cont
V (4)
For the ρ, the continuum part is parametrized as [5,
13]
Acontρ =
m2ρ
8π
(
1 +
αs
π
) 1
1 + exp(ω0 − q0)/δ
(5)
with ω0 = 1.3 GeV and δ = 0.2 GeV and the pole
part is given by [12]
Apoleρ = −
f2ρm
2
ρ
3
[
2
∑
ImΠRt
(q2 −m2ρ −
∑
ReΠRt )
2 + (
∑
ImΠRt )
2
+
q2
∑
ImΠRl
(q2 −m2ρ − q2
∑
ReΠRl )
2 + q4(
∑
ImΠRl )
2
]
(6)
with fρ = 0.130 GeV. As we have included the con-
tinuum in the vector mesons spectral functions four
pion annihilation process [14] is not considered here
to avoid over counting. The self-energy Π contains
contributions from mesons as well as baryons in the
thermal medium so that
Π = ΠM +ΠB (7)
The longitudinal and transverse components of the
meson part ΠM has been evaluated in detail for one
loop π − h graphs with h = π, ω, h1, a1 in the real
time formulation of thermal field theory [15]. The
baryonic contribution ΠB has been estimated in the
approach of Eletsky et al [16] using resonance domi-
nance in the low energy region and a Regge model at
higher energies. Dilepton emission from the ω and
the φ have also been included. The width of the ω in
thermal bath is taken from the calculation of Ref [17]
where a framework similar to the one employed here
has been used. For the φ only the vacuum width has
been considered.
The major source of lepton pair production is due
to the annihilation of quark-antiquark pairs [18].
In the present calculations the QCD corrections
through the processes: qq¯ → gl+l−, gq(q¯) →
q(q¯)l+l− (see Ref. [19, 20] for details) in the dilepton
productions have also been taken into account.
To evaluate the thermal dilepton spectra
the static (fixed temperature) rate of emission
(dR/d2mTdM
2dy) has to be convoluted with the
space-time dynamics governed by the relativistic
hydrodynamics as follows:
dN
mTdmT
= 2π
∑
phases
∫ (
dR
d2mTdydM2
)
phase
×dM2dyd4x (8)
d4x is the 4 dimensional volume element, mT is the
transverse mass and y is the rapidity. The limits
for integration over invariant mass, M can be fixed
according to the experimental measurements. For
the experimental data for Mmin ≤ M ≤ Mmax, the
transverse mass mT is defined as mT =
√
M2 + p2T ,
where M = (Mmin +Mmax)/2. The invariant mass
spectra of the lepton pairs can be obtained from
Eq. 8 by integrating over the appropriate pT win-
dows. The acceptance corrections due to detector
geometry has been taken into consideration.
We need to also consider the contributions from ρ-
decay as this has not been subtracted from the data
(see second of [7]). To evaluate the mT distribu-
tion of dilepton originating from the decays of vector
mesons after freeze-out the Cooper-Frye formula [21]
has been used. For a special case of unstable vector
mesons we need to know the thermal phase space
factor corresponding to an unstable boson which is
given by
funstable =
g
(2π)3
1
exp(p0/T)− 1
ρ(M) (9)
where p0 =
√
p2 +M2, g is the statistical degener-
acy and ρ(M) is the spectral function of the vector
meson under consideration. For stable particle ρ(M)
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FIG. 1: Invariant mass spectra (acceptance corrected
inclusive mass spectrum pT > 0) of dimuon from quark
gluon plasma and hadronic phase at T = 175 MeV and
µB = 250 MeV.
reduces to a Dirac delta function and consequently
the usual thermal phase space factor for a stable par-
ticle is recovered. Therefore, the mT distribution of
dimuons from vector meson decay after the freeze-
out is given by
dNγ∗
mTdmT
= 2π
∫
dr
∫
dη
∫
dφ rτ
×
(
mT cosh(y − η)−
∂τ
∂r
pT cosφ
)
×ρ(M)ΓV→µ+µ−/ΓtotV funstable
dM2dy (10)
where ΓtotV is the total decay width of the vector
meson, V . The contributions from Eqs. 8 and 10 are
added for the description of the mT spectra of the
data.
The other non-thermal sources are: (i) Drell-Yan
process originating from the interactions of quarks
and anti-quarks of the colliding nuclei and the decays
of various mesons (e.g. π,η, ω, ρ, η′, φ etc) after the
fireball freeze-out. As the non-thermal contributions
have been subtracted from the data under consider-
ation, we concentrate only on the thermal emissions.
III. INITIAL CONDITIONS AND THE
SPACE TIME EVOLUTION
The space time evolution of the system has been
studied using ideal relativistic hydrodynamics with
longitudinal boost invariance [22] and cylindrical
symmetry [23]. The initial temperature(Ti) and
thermalization time (τi) are constrained by the fol-
lowing equation [24] for an isentropic expansion:
T 3i τi ≈
2π4
45ξ(3)
1
4aeff
1
πR2A
dN
dy
. (11)
where, dN/dy= hadron multiplicity, RA is the effec-
tive radius of the system (evaluated by using the for-
mula, RA ∼ N1/3part), ξ(3) is the Riemann zeta func-
tion and a = π2g/90 (g = 32, taken as the effective
degeneracy of the QGP phase). The initial radial
velocity, vr(τi, r) and energy density, ǫ(τi, r) profiles
are taken as:
vr(τi, r) = 0, ǫ(τi, r) = ǫ0/(e
r−RA
δ + 1) (12)
where the surface thickness, δ = 0.5 fm. In the
present work we assume Tc = 175 MeV [25]. In a
quark gluon plasma to hadronic transition scenario
- we use the bag model EOS for the QGP phase and
for the hadronic phase all the resonances with mass
≤ 2.5 GeV have been considered [26]. The transition
region has been parametrized as follows [27]:
s = f(T )sq + (1− f(T ))sh (13)
where sq (sh) is the entropy density of the quark
(hadronic) phase at Tc and
f(T ) =
1
2
(1 + tanh(
T − Tc
Γ
)) (14)
the value of the parameter Γ can be varied to make
the transition strong first order or continuous.
The ratios of various hadrons measured experi-
mentally at different
√
sNN indicate that the system
formed in heavy ion collisions chemically decouple at
a temperature (Tch) which is higher than the temper-
ature for kinetic freeze-out (Tf )determined by the
transverse spectra of hadrons [28]. Therefore, the
system remains out of chemical equilibrium from Tch
to Tf . The chemical non-equilibration affects the
dilepton yields at two levels: a) the emission rate
through the phase space factor and b) the space-
time evolution of the matter through the equation
state. The value of the chemical potential and its
inclusion in the EOS has been taken in to account
following Ref. [29]. It is expected that the chemical
potentials do not change much for the inclusion of
resonances above ∆.
IV. RESULTS
Before discussing the mT spectra it is important
to mention here that initially there was no trans-
verse collective flow (v(τi, r) = 0), the entire energy
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FIG. 2: Invariant mass spectra (acceptance corrected
inclusive mass spectrum) for different pT window of the
dimuon measured by NA60 collaboration for semi central
In+In collision (
√
sNN = 17.3 GeV). The solid line is the
theoretical result.
of the system was thermal. With the progress of
time some part of the thermal energy gets converted
to the collective (flow) energy for a system under-
going hydrodynamic expansion. The measured mT
spectra of muon pairs therefore, contains contribu-
tions from both thermal as well as collective degrees
of freedom i.e. the inverse slope parameter, Teff can
be written as Teff = Tth+Mv
2
r as mentioned earlier.
Therefore, it is important to know the domains ofM
where the thermal contributions from early (quark
matter) and late (hadronic) phases dominate corre-
sponding to small and large radial flow respectively.
We discuss results for scenario (i) first - here we
have assumed that a thermalized state of quarks
and gluons is formed after the collisions which re-
verts to hadronic phase through a weak first order
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FIG. 3: Invariant mass spectra (acceptance corrected
inclusive mass spectrum) for different pT window of the
dimuon measured by NA60 collaboration for semi central
In+In collision (
√
sNN = 17.3 GeV). The solid line is the
theoretical result.
phase transition. The value of Γ in Eq. 14 is taken
as 20 MeV. The values of initial energy density,
ǫi = 5.5 GeV/fm
3, thermalization time τi = 0.6
fm and the transition temperature Tc = 175 MeV
have been assumed. We take the freeze-out temper-
ature Tf = 130 MeV which can reproduce the slope
of the φ spectra measured by NA60 collaboration for
In+In collisions [30]. With these inputs transverse
and invariant mass spectra of dileptons have been
evaluated.
We look into the M spectra. A significant en-
hancement in the dilepton yield in the mass region
below the ρ pole (compared to vacuum, denoted by
dots in Fig. 1) is observed, nevertheless the total
dilepton yield in this region of M contains notable
contribution from the partonic phase ( Fig.1). How-
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FIG. 4: Invariant mass spectra (acceptance corrected
inclusive mass spectrum pT > 0) of dimuon measured
by NA60 collaboration for semi central In+In collision
(
√
sNN = 17.3 GeV). The solid line is the theoretical
result.
ever, the thermal pairs for M beyond mφ-peak is
dominated by QGP phase. Therefore, it is expected
that the slope parameters extracted from the trans-
verse mass distribution of lepton pairs for mass re-
gion above the the φ-peaks would reflect the prop-
erties of quark matter phase, i.e. the slopes at these
M region will correspond to the early time when the
radial flow is small. On the other hand the contri-
butions in the region of ρ mass are overwhelmingly
from the hadronic phase and hence the slope at this
region correspond to the late time containing large
radial flow effects. For M < mρ the situation is
complex as it contains significant contributions from
both the hadronic as well as the partonic phase.
In Figs. 2-3 the invariant mass spectra for various
pT windows have been displayed. At low pT and
low M a clear rise observed in the data - reflect-
ing the thermal nature of the radiation. The strong
enhancement at the low M domain is reproduced
well due to large broadening of the ρ in the thermal
medium for the pT (in GeV) windows: pT < 0.2,
0.2 < pT < 0.4 and 0.4 < pT < 0.6. For the higher
pT window (1.0 < pT < 1.2), the observed plateau
for 0.3 < M(GeV)< 0.6 is over estimated by the
theoretical yield, which is yet to be understood [31].
The invariant mass spectra, without any pT selection
is reproduced reasonably well (Fig. 4). The high M
region, above φ peak, the radiation from the par-
tonic phase describe the data very well.
The resulting mT −M spectra of µ+µ− are com-
pared with the experimental data obtained by the
NA60 collaboration for In-In collision for
√
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FIG. 5: mT −M spectra of muon pair for different in-
variant mass ranges for semi central In-In Collision at√
sNN = 17.3 GeV (158 A GeV).
17.3 GeV for different mass window in Fig. 5. The
present calculation agrees well with the data which
is shown by solid lines for all the mass ranges.
In Fig 6 the effective temperature obtained from
the inverse slope of these spectra has been plot-
ted and compared with the data. The slopes have
been estimated from theoretical results (shown by
solid lines in Figs. 5) by parameterizing to an expo-
nential function within the (mT −M) range 0.3 ≤
mT −M(GeV)≤ 1.0. It is clear from the results that
the slope at high M region is reproduced well if the
source is predominantly partonic. A similar non-
monotonic behaviour is observed in the variation of
the elliptic flow (v2) of photons as a of transverse
momentum [32, 33].
Next we discuss results for scenario (ii). In this
scenario we evolve a hadronic matter with same ini-
tial energy density ǫi=5.5 GeV/fm
3 up to freeze-
out temperature Tf = 130 MeV with an equation of
state which includes mesons and baryons up to mass
2.5 GeV. The equation of state obtained for such a
scenario is soft compared to an initial QGP state,
the average velocity of sound (cs) is c
2
s = 0.16. With
this scenario we fail to reproduce the mT distribu-
tion (Fig. 7), the inverse slope parameter extracted
in this scenario increases monotonically withM (not
shown in Fig. 6, but is obvious that the slopes ex-
tracted from Fig. 7 will fail to reproduce the data in
Fig. 6) .
We have checked that a large increase in Tc leads
to a poorer description of the data. In this case
the contributions from the QGP phase is consider-
ably reduced so the slopes of the mT spectra is pre-
dominantly determined by the hadronic phase. In
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FIG. 6: Inverse slope parameter obtained from the mT −
M spectra is plotted with the average invariant mass
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FIG. 7: mT −M spectra of muon pair for different in-
variant mass ranges for semi central In-In Collision at√
sNN = 17.3 GeV (158 A GeV). for hadronic initial
state i.e., scenario (ii).
this scenario the slopes for M beyond the φ peak
is not determined by the (early) QGP phase but by
the (late) hadronic phase. As a result the sharp fall
in the Teff as a function of M for M > mρ is not
properly reproduced. This indicates that the source
of lepton pairs at large (M ∼ 1.2 GeV) is partonic.
V. SUMMARY AND DISCUSSIONS
In summary we have reproduced the invariant
mass and transverse momentum spectra of the lep-
ton pairs measured by NA60 collaboration in In+In
collisions at
√
sNN = 17.3 GeV. The broadening
of the ρ spectral function due to its interaction
with mesons and baryons in the thermal bath has
been taken into account. The study reveals that
the description of the data at low M needs large
broadening of ρ meson and at high M (beyond φ
peak) requires substantial contributions from par-
tonic phase. We find that the measured slope of the
dilepton spectra can be explained theoretically if one
assumes the formation of a partonic phase initially
which reverts to hadronic phase through a weak first
order phase transition. A hadronic initial state with
realistic equation of state fails to reproduce the data.
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